A B S T R A C T Contents obtained from jejunum of normal controls, self-emptying and self-filling blind loop rats were analyzed for the presence of glycoprotein-degrading glycosidases. The blind loop syndrome was documented by the increased fat excretion and slower growth rate of self-filling blind loop rats 6 wk after surgery. With p-nitrophenylglycosides as substrate, the specific activity of a-N-acetylgalactosaminidase, a potential blood group A destroying glycosidase, was 0.90+0.40 mU/mg of protein. This level was 23- fold higher than the specific activity of normal controls.
In partially purified self-filling blind loop contents, the activity of a-N-acetylgalactosaminidase was 9-to 70-fold higher than activities of self-emptying and normal controls. Antibiotic treatment with chloromycetin and polymyxin decreased 24-fold the glycosidase levels in self-filling blind loops. In experiments with natural substrate, the blood group A titer ofa 20 ,000 g supernate from normal jejunal homogenates decreased 128-fold after 24 -h incubation with blind loop contents. Normal contents failed to diminish the blood group reactivity of the natural substrate. Furthermore, blind loop contents markedly decreased the blood group A titer of isolated brush borders. Incubation between blind loop bacteria and mucosal homogenates or isolated brush borders labeled with D-[U-'4C]glucosamine revealed increased production of labeled ether extractable organic acids. Likewise, intraperitoneal injection of D-[U-14C]glucosamine into self-filling blind loop rats resulted in incorporation of the label into luminal short chain fatty acids. These results suggest that glycosidases may provide a mechanism by which blind loop bacteria obtain sugars from intestinal glycoproteins. The released sugars are used and converted by bacteria
INTRODUCTION
Blood group-degrading enzymes produced by fecal bacteria from conventional rats and normal individuals have been shown to modify the blood group antigenicity of hog gastric mucin by removing terminal sugars of the oligosaccharide chains (1, 2) . Recently, we have identified a similar blood group B-degrading enzyme in cecal contents of normal rats. When tested against the cecal glycoprotein, it actively destroyed the blood group antigenicity of the appropriate biological substrate. Using synthetic substrates, we also found a variety of active nonblood group ABO-degrading glycosidases (3) . Cecal blood group and nonblood group-degrading glycosidases appear to derive from the normal cecal microflora because similar contents of germ-free rats were relatively free of these enzymes.
Recent reports suggest abnormalities of the small intestinal cells in the blind loop syndrome. In this pathological condition the lumen of the small bowel is contaminated with colonic type bacteria (4, 5) . Electron microscopic studies of the small bowel mucosa ofthese patients revealed a decrease in the number of enterocytes involved in the absorption of dietary fat (6) . In addition, this study showed a delay in the exit of chylomicrons from intestinal cells. Giannella et al. (7) found that the levels of brush border disaccharidases and the uptake of 3-0-methyl-glucose and L-leucine was significantly decreased in small bowel homogenates and everted jejunal rings of blind loop rats.
The chief organic constituent of the intestinal mucus secreted by goblet cells consists of a glycoprotein that contains up to 85% carbohydrates (8) . The carbohydrate content of the underlying brush border glycoprotein is lower than that of the secretory mucus (9) .
It may be assumed that in the event of bacterial overgrowth of the small intestine the oligosaccharide chains of surface glycoproteins would become susceptible to degradation by the luminal microorganisms. The degrading enzymes that have been found in normal feces and cecal content may similarly be produced by blind loop bacteria, and thus, the oligosaccharide chains of small intestinal glycoproteins might be exposed to a number of degrading glycosidases.
The first objective of this study was to identify glycosidases in the luminal content ofthe experimental l)lind loop rat. A subsequent aim was to establish whether blind loop glycosidases are of intestinal and/or blacterial origin. The final purpose of the investigation was to determine the hydrolytic capability of these enizymes on the natural glycoprotein.
METHODS
.Male Sprague Dawley rats (Charles River, Breeding Laboratories, Wilmington, Mass.), from 200 to 300 g in weight were used as control and experimental animals. After an overnight fast anid unider ether anesthesia, the rat abdomen was opened by a midlinie incision. The ligament of Treitz was identified and the jejunum transected 4 cm beyond the duodenojejunal flexture. A 9-cm self-filling blind loop was created by closing the loop with separated stitches as described by Lambert (10) . In another group of rats, a 9-cm self-emptying blind loop was created 10 cm from the ligament of Treitz. Before closinig the abdomen, 4 mg of streptomycin and 50,000 U of procaine penicillin G was delivered to the peritoneal cavity. Rats were allowed only water for 48 h postsurgery and then returned to regular feeding. Animals were kept in convenitional cages and fed a chow laboratory diet in pellet form with drinking water ad lib. After an interval of 2 wk poststurgical recovery, the growth of control and operated animals was followed for a 4-wk period. For metabolic studies, control, and operated rats who had surgery at least 1 (12) . In two experimental animals, mucosa was obtained from the blind loop segment as well as from segments 10 cm proximal and distal to the blind loop. The mucosa was weighed, homogenized, and brush borders purified as described earlier. In another experimental group of three animals, the homogenized mucosa was centrifuged as before to obtain clear supernates. Purified brush borders and clear supernate were tested for blood group antigenicity by the hemagglutination inhibition reaction and assayed for protein.
In the next set of experiments, normal rats were injected intraperitoneally with 5-20 uCi of D-[U-14C]glucosamine hydrochloride (New England Nuclear, Boston, Mass.). After a 3-h interval (13), rats were sacrificed, the small intestinal mucosa scraped, weighed, and homogenized in cold saline to obtain whole labeled mucosal homogenates. Labeled brush borders were purified from a similar group of injected rats. Radioactively labeled homogenates and isolated brush borders were used for incubation with bacteria of selffilling blind loops. Bacteria were obtained by washing contents of self-filling loops with cold saline under an oxygenfree CO2 atmosphere. Washed contents were centrifuged at 15,000 g and the bacterial pellets resuspended in 2 ml of Tris-Kreb's buffered solution of pH 7.4. Aliquots of the bacterial suspensions were serially diluted in saline, plated on Bacto agar (Difco Laboratories, Detroit, Mich.), and cultured aerobically and anaerobically in a Gas Pak anaerobic system (Ferguson Industries, Dallas Tex.). Colonies were counted under naked eye and identified by gram stain and the API system (Analytab Products, Plainview, N. Y.).
In the final set of experiments, [15] [16] [17] [18] [19] [20] ,lCi of D-[U-'4C]-glucosamine hydrochloride were injected intraperitoneally into self-filling blind loop rats. Animals were killed and the blind loop contents were collected and processed as previously described. The volumes of bacteria-free supernates were measured, and aliquots removed and extracted into ether for short chain fatty acid analysis.
Incubation of radioactive mucosa with bacteria. Bacterial suspension obtained from self-filling blind loops were incubated with labeled homogenate or isolated brush border preparations in a total assay volume of 20-25 ml. Three experiments were performed with each radioactive intestinal sample. The mixtures containing 50 mg of cysteine were flushed with oxygen-free CO2 and placed in a shaking incubator at 37°C. At increasing intervals of time, 2-ml aliquots were removed and placed oIn an ice bath. The samples were centrifuged at 15,000 g to separate sedimentable in-testinal constituents and bacteria. Clear supernatants were acidified with 50% sulfuric acid, extracted into 1 ml of diethyl ether, and frozen at -25°C. The ether was removed from the frozen aqueous layer and 0.5 ml was transferred to a tube containing 40 ,l. of 4 N NaOH. The remainder of the ether layer was added to a tube that contained the same amount of sodium hydroxide, plus a drop of phenolphthalein, as a test for alkalinity (14) . The ether was then allowed to evaporate. The dried residue was redissolved into 0.5 ml of distilled water, added to vials containing scintillation fluid, and counted in a Packard Tri-Carb scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.). This last alkaline extraction selectively excludes long chain fatty acids and glycolipids.
Bacteria and brush borders obtained by the 15,000 g centrifugation were resuspended in Krebs-Tris buffer pH 7.4 and centrifuged at 450 g to collect the isolated brush borders. Sedimented brush borders were resuspended, aliquots counted for radioactivity, and tested for blood group antigenicity and sucrase activity. Sucrase activity ofthe incubated brush borders was measured by the method of Dahlqvist (15) . Units ofactivity were expressed as micromoles of sucrose split per minute per gram (wet weight) of tissue. In some aliquots, brush borders were hydrolyzed for 6 h with 6 N HCI in a boiling water bath. After drying overnight, samples were reconstituted in distilled water and passed through a Dowex (Dow Corning Corp., Midland, Mich.) 50 H+ column. Hexosamines were eluted with 1 N HCl, neutralized with sodium hydroxide and counted for '4C label.
Supernates of 450 g centrifugation were recentrifuged at 20,000 g to obtain a bacterial pellet. Bacterial pellets were resuspended in normal saline, disrupted by sonication, and centrifuged. The clear supernates were then used for counting.
Glycosidase assay. Clear supernatants from jejunal contents of normal and operated rats were thawed and used for glycosidase measurements. The p-nitrophenylglycoside substrate for fB-N-acetylglucosaminidase was purchased from Sigma Chemical Co. (St. Louis, Mo.). The p-nitrophenylglycoside for a-N-acetygalactosaminidase was obtained from Research Products International Corp. (Elk Grove Village, Ill.). The assay consisted of 0.1 ml of 10 mM solution of the p-nitrophenylglycoside, 0.3 ml of 0.05 M citrate buffer of pH 5.5, and 0.1 ml of jejunal sample in a total volume of 0.5 ml (16). After 15-30 min incubation at 30°C, the reaction was stopped by addition of sodium carbonate, and p-nitrophenol concentration was determined at 420 nm. Units of enzyme activity were defined as micromoles ofp-nitrophenol released per minute at 30°C.
Clear supemates of blind loop segments and jejunum were partially purified by adding 65% saturation of ammonium sulfate to the samples. The suspension was mixed intermittently and centrifuged at 30,000 g. The precipitated glycosidases were redissolved in equal volumes of citrate buffer and dialyzed.
Hemagglutination inhibition. Mucosal supernates and brush border preparations were incubated with bacteriafree supernates of self-filling blind loops at 30°C. The reaction was stopped by boiling the mixture. After cooling the preparation, intestinal glycoproteins were tested for blood group antigenicity. Intestinal preparations (0.05 ml) were serially diluted in saline (0.05 ml). After incubation with two hemagglutinating units of antisera A, erythrocytes were added to the mixture. End point agglutination was determined by microscopy.
Short-chain fatty acid (SCFA)' determinations. Ether ' Abbreviation used in this paper: SCFA, short chain fatty acid. extractable materials were neutralized as before, and the ether was allowed to evaporate at room temperature. Dry residues were acidified with H2SO4 and re-extracted into ether. In another aliquot, a known amount of caproic acid was added as an internal standard and extracted as before. Samples were injected into a gas chromatograph for analysis.
Peak areas of the blind loop SCFA were related to the peak area of the known internal standard. In a previously published study we demonstrated that equivalent weights of all SCFA produced nonequivalent peak areas (17), due to nonuniform volatility, differential extractibility into ether and unequal detector response. Peak areas and radioactive counts of each acid were corrected by the following formula: RSCFA = peak area or disintegrations per minute of internal standard/peak area or disintegrations per minute of sample acid. RSCFA (20) .
RESULTS
The development of the blind loop syndrome was monitored by fecal fat balance studies and weight curve comparisons of control and experimental animals.
Feces of self-filling blind loop rats contained a mean of 15.7±1.7% of the daily dietary fat intake. That was significantly higher than the 7.2 ± 1.8% of self-emptying blind loop operated animals (P < 0.02) and the 6.5±0.7% excreted in 24 h by normal control rats (P < 0.005).
After the postsurgical recovery, self-filling blind loop rats grew very slowly. In a month they gained only an average of 67.6±10.3 g in weight. In a similar interval of time, self-emptying blind loop-operated and normal rats increased 100±8.0 g (P < 0.05) and 131±7.0 g (P < 0.001) in weight, respectively.
Glycosidase activities. Specific activity of a-Nacetylgalactosaminidase in bacteria-free supernates of self-filling blind loop segments was 0.91±0.40 mU/mg of protein. This level was 23-fold higher than the specific activity of this enzyme recovered from normal contents (P < 0.02). The activity of f8-N-acetylglucosaminidase, a nonblood group-degrading enzyme, showed a 22-fold increase in contents ofblind loop rats.
In the second portion of these experiments, a-Nacetylgalactosaminidase was measured in experimental contents after partial purification by ammonium sulfate precipitation and dialysis (Table I) . a-N-acetylgalactosaminidase showed an activity that was 9-to 70-fold higher in self-filling blind loop segments than the activity recovered from self-emptying blind loop and normal control animals. After treatment with the mixtures of antibiotics, the glycosidase value of selffilling blind loop contents decreased from 10-fold to undetectable levels. Among the controls, self-emptying blind loop rats showed significantly higher glycosidase levels. This difference was due largely to the very low or unmeasurable activity in normal and antibiotic treated rats. It is also possible that some mild bacterial contamination occurred in the self-emptying blind loops. In any case, the enzyme levels run parallel to the intermediate growth and fat excretion of the selfemptying blind loop animals.
Enzyme degradation of mucosal supernates. The degrading ability of the glycosidases against natural glycoproteins was tested by incubating bacteria-free supernates of self-filling blind loop and normal contents with 20,000-g supernates ofjejunal homogenates from normal rats. An average of three experiments was performed in each group. After a lag period of 2 h, contents from blind loop rats steadily destroyed the blood group A antigenicity of the normal mucosal supernate, reaching a maximum of 128-fold decrease at 24 h (Fig. 1) . Conversely, normal contents did not alter the blood group antigenicity of the jejunal supernate, even after long periods of incubation. As noted, the blind loop glycosidase required a certain time of exposure to the jejunal glycoproteins to degrade the mucosal blood group antigenicity. This finding corroborates previous observations of the action of various glycosidases on natural glycoproteins. Spiro (21) considers several days of incubation under toluene are necessary to assess fully the hydrolyzing activity of glycosidases against complex glycoprotein structures. Enzyme degradation of brush borders. In the previous experiment we largely examined the glycosidase action on the crude cytoplasmic glycoproteins. In the following experiment, brush borders ofnormal jejunum were used as natural glycoproteins. As with mucosal supernates, bacteria-free supernates of self-filling blind loop contents markedly decreased the blood group A titer of purified brush border preparation (Fig. 2) . In this situation, the lag period was shorter and the slope of the degradation curve more pronounced, suggesting a more rapid enzymatic action. Normal contents had negligible activity, decreasing the blood group titer in only one agglutination tube. This (Fig. 3A) . Bacteria needed a lag period of-24 h to incorporate the radioactivity into the organiic acids. The peak incorporationi occurred between 48 and 74 h of incul)ation. The incorporation of mucosal radioactivity iintO metabolites was siimilarly inicrease(d whein bacteria were incubated with labeled pturified brush b)order (Fig. 3B) . The labeled ether extractable organiic acidls already appeared in considerable amounts after 4 h of incubation, suggesting increased degradationi aind transformation of the brush border glycoproteins.
2 or 3% of radioactivity was recovered in the blind loop bacterial pellet (Fig. 4C) , reflecting residual radioactivity from the metabolism of carbohydrates or the reuse by the bacteria of some of the labeled SCFA (23) .
The increase of the organic acid labeling was associated with a 32-fold decrease in blood group antigenicity ofthe brush border as estimated by the hemagglutination inhibition reaction (Fig. 4A ). This finding further confirmed that terminal nonreducing sugars of the labeled brush border glycoproteins that are responsible for the blood group antigenicity were readily removed by bacterial glycosidases. As can be seen in Fig. 4B (Fig. 5B) .
Intraperitoneal injection-of D-[U-14C]glucosamine resulted in an increased production of labeled SCFA.
Total radioactivity in bacteria-free supernatants of blind loop contents peaked at 24 h after injection (Fig. 6A) . Concomitantly, SCFA revealed highest 14C incorporation at 24 h (Fig. 6B ). As estimated from the counts present in the bacteria-free supernate before ether extraction and SCFA analysis, 56+4.1% of the radioactivity was incorporated into SCFA, based on average incorporation values for each time interval. Gas chromatographic analysis showed that 98% of the radioactivity incorporated into SCFA were in acetic, propionic, and butyric acids (Table II) . These acids are largely derived from carbohydrate fermentation. The remaining SCFA were divided among isobutyric, isovaleric, and valeric acids. The branched SCFA isobutyric and isovaleric acids are derivative products from transformation of hexosamines or oxidative deamination of aminoacids (14, 23 p-N-acetylglucosaminidase with activity against both substrates. In our study, in addition to the blood group A a-N-acetylgalactosaminidase, blind loop fluid contained significant levels of 8-N-acetylglucosaminidase, a glycosidase that acts on nonterminal residues of the oligosaccharide chain. This observation suggests that akin to cecal contents, blind loop contents contain blood and nonblood group glycosidases able to act on the different sugars and linkages that compose the carbohydrate moiety of small intestinal glycoproteins (8, 9) . The a-N-acetylgalactosaminidase recovered from self-filling blind loop segments appears to originate in bacteria. Contents from normal jejunum and selfemptying segments had very low activities of this enzyme. The administration to blind loop rats of chloromycetin and polymyxin, an antibiotic combination that would act on both aerobic and anaerobic bacteria, confirmed this assumption. The trial resulted in a dramatic reduction of the glycosidase level. In accord with previous findings, however, it is likely that only a small proportion of the anaerobic bacteria was responsible for the production of the blood group degrading enzyme (30) .
The partially purified blind loop contents were similarly active against small intestinal glycoproteins. The destruction of the blood group A antigenicity from brush border preparations was probably due to removal from the oligosaccharide chains ofthe terminal nonreducing N-acetylgalactosamine, the sugar determinant of A reactivity. Indeed, the in vitro experiments with labeled brush border glycoproteins revealed that hexosamines are highly reduced from the brush border after exposure to the blind loop bacteria. Further evidence that brush border glycoproteins are also altered was demonstrated by the marked decrease in sucrase activity. Brush border disaccharidases have been shown by Kelly and Alpers (31) to possess blood group antigenicity. However, decreases in sucrase activity cannot be definitely correlated with the loss ofblood group antigenicity. Brush border glycoproteins other than disaccharidases may also possess blood group antigenicity.
The removal ofsugars from the brush border preparation becomes significant in view of the recent findings by Jonas et al. (32) . Using injected radiolabeled glucosamine and a double isotope technique to measure turnover, these investigators demonstrated an increased degradation of glycoproteins in brush borders obtained from blind loop rats. The carbohydrate composition of the brush border, however, was unchanged from controls. It is likely that endogenous compensatory synthesis partly makes up the loss of sugars from the oligosaccharide chains. This appears to be corroborated by our findings indicating similar antigenicity in brush borders from blind loop and from proximal and distal segments.
The action of the bacterial glycosidases may not be confined exclusively to the brush border damage. It appears probable that these degrading enzymes function in a more general manner, directing the degrading process against various intestinal glycoproteins. In addition to the brush border glycoproteins, there is the secreted glycoprotein rich in carbohydrate. The loss of the blood group A reactivity of the crude mucosal supernate might therefore have also resulted from hydrolysis of the carbohydrate moiety of secreted intestinal glycoproteins.
Finally, the in vitro and in vivo experiments with labeled glycoproteins revealed that by means of the glycosidase action, blind loop bacteria utilize and convert removed sugars into organic acids, i.e., SCFA and in the likely resultant products, carbon dioxide and energy. These findings are reminiscent of previous studies in cecal and rumen physiology which show membrane mucopolysaccharide transformation into SCFA (33, 34) . It also explains why the presence of high levels of fasting SCFA in blind loop contents fails to show any increase after administration of a meal rich in carbohydrates (14) . The luminal blind loop bacteria could remove sugars from the mucosal brush border or from luminally secreted glycoproteins and shed cell glycoproteins. Thus, blind loop bacteria encounter in the oligosaccharide chains of small intestinal glycoproteins ubiquitous and suitable nutrients for growth and adaptation in the luminal content. The ability to obtain and utilize host's substances would confer the blind loop bacteria with biological advantage, allowing them the subsistance in the small bowel environment independent of exogenous dietary intake.
